Introduction The presence of liver cirrhosis can have a major impact on pharmacodynamics and pharmacokinetics, but guidance for prescribing is lacking.
Results
We formulated 218 recommendations for a total of 209 drugs. For nine drugs, two recommendations were formulated for different administration routes or indications. Drugs were classified as 'safe' in 29 recommendations (13.3%), 'no additional risks known' in 60 (27.5%), 'additional risks known' in 3 (1.4%), and 'unsafe' in 30 (13.8%). In 57 (26.1%) of the recommendations, safety depended on the severity of liver cirrhosis and was 'unknown' in 39 (17.9%) recommendations. Large alterations in pharmacodynamics were the main reason for classifying a drug as 'unsafe'. For 67 drugs (31%), a dose adjustment was needed. Conclusions Over 200 recommendations were developed for the safe use of drugs in patients with liver cirrhosis. Implementing these recommendations into clinical practice can possibly enhance medication safety in this vulnerable patient group.
Key Points
With a previously developed method, the safety and optimal dosing of more than 200 drugs in patients with liver cirrhosis were evaluated. In this study an overview of the recommendations is given.
For the majority of the evaluated drugs, changes in pharmacokinetics or pharmacodynamics occurred in patients with liver cirrhosis. Overall, 30% of drugs required dose adjustment and nearly 70 drugs were classified as unsafe in (a stage of) liver cirrhosis.
Healthcare professionals in The Netherlands are supported during the prescription or dispensing of drugs to patients with liver cirrhosis by alerts from their clinical decision support system and information on a free website.
Introduction
Adverse drug reactions (ADRs) are an important cause of morbidity and mortality worldwide [1, 2] . Patients with hepatic impairment have an increased risk of adverse outcomes with drug use due to the pharmacokinetic and pharmacodynamic changes occurring in liver disease [3, 4] . Most significant are the diminished first-pass effect caused by altered liver blood flow and the decreased activity of drug-metabolizing enzymes. Both result in a higher drug exposure and an increased risk of concentration-dependent ADRs. Furthermore, pathophysiological changes in patients with hepatic impairment increase the risk of specific ADRs, such as renal dysfunction or hepatic encephalopathy [5] . These alterations are considered to be clinically relevant when the liver disease has progressed to liver cirrhosis [3] .
Almost 30% of patients with liver cirrhosis experience ADRs; 80% of the ADRs could probably be prevented [6] . Choosing appropriate drugs and doses for these patients is very important, especially because they often use multiple drugs [6, 7] . Practice guidelines can support healthcare professionals in safe prescribing and can reduce the number of inappropriate drug prescriptions, as seen in other patient populations such as older people [8] . For patients with liver cirrhosis, literature regarding pharmacokinetic alterations for several drugs is available [5, [9] [10] [11] [12] ; however, we were not aware of a publicly available practice guideline providing recommendations on the safe use of specific drugs in liver cirrhosis [13] . We therefore developed a systematic method to evaluate the safety and dosing of medications to provide recommendations for safe drug use in patients with liver cirrhosis [14] . The aim of this study is to provide an overview of the recommendations for safe drug use for 208 drugs that have been evaluated.
Methods
In this study, we used our previously published method to evaluate the safety and dosing of medications to provide recommendations for safe drug use in patients with liver cirrhosis [14] . This method consists of six steps per drug, as described below. Overall, we evaluated 209 drugs, which were chosen because they were (1) often prescribed for complications of liver cirrhosis, or (2) frequently used in the general population.
Step 1: Collection of Evidence
Data regarding the safety and pharmacokinetics of the drug of interest in patients with liver cirrhosis were collected. This evidence was collected in the official Dutch and American product information and in the literature. The literature searches for publications were conducted in PubMed and EMBASE between January and October 2016, and no language restrictions were applied. Studies were included if they related to patients with liver cirrhosis taking the drug of interest and if they reported on outcome data on safety or pharmacokinetics. Citation tracking was used in the Web of Science database to retrieve additional relevant studies.
Step 2: Data Extraction and Presentation
The following data were extracted from the studies: study design, number and characteristics of included patients and controls (e.g. severity of liver cirrhosis), and information on the intervention. We extracted the following information on outcome(s):
• Pharmacokinetics: pharmacokinetic parameters (e.g. area under the curve [AUC], maximum plasma concentration [C max ]) • Safety: number and type of adverse events and data on discontinuation due to these adverse events Literature was presented in summary tables and sorted by level of evidence using the classification of the Oxford Centre for Evidence-based Medicine [15] . All evidence was included in an assessment report.
Step 3: Initial Safety Classification and Dosing Advice
The collected data were used to propose an initial safety classification and dosing advice if applicable. The safety classification ( Table 1 ) was designed to help healthcare professionals efficiently judge the safety of a drug in liver cirrhosis. We added the classification 'safety class is dependent on severity of cirrhosis' to the earlier developed classifications (see Table 1 ) [14] . Pharmacokinetic data were used for the dosing advice. In general, this was advised if the AUC was more than doubled. If the pharmacokinetic alterations were so large that dose reductions were unlikely to allow safe drug use, drugs were classified as 'unsafe'. The dosing advice could also depend on the severity of liver cirrhosis, expressed as Child-Pugh class (i.e. Child-Pugh A, B or C) [16] . These first three steps were performed by a pharmacist with expertise in drug safety and clinical decision support systems (CDSSs) (RW). Critical steps were verified by a second pharmacist/epidemiologist (SB) and discussed with the expert panel in cases of disagreement.
Step 4: Consensus of Recommendations by an Expert Panel
An expert panel was composed consisting of 10 members with expertise in the treatment of patients with liver cirrhosis, clinical pharmacology and/or evidence-based medicine. The expert panel evaluated the validity and clinical relevance of the proposed safety classification and dosing advice. The panel concluded by consensus. The final assessment report consisted of the recommendations, supporting evidence and considerations of the expert panel.
Step 5: Implementation
The recommendations were implemented in all relevant CDSSs in The Netherlands (G-standard and Pharmabase), automatically reaching all pharmacists and numerous general practitioners. If an evaluated medicine was prescribed or dispensed to a patient marked with contraindication 'liver cirrhosis', an alert was generated with a short recommendation. Healthcare professionals were referred to a website for more information (http://www. geneesmiddelenbijlevercirrose.nl). This free website also contained a part aimed at patients. 
Step 6: Continuity
To ensure that recommendations remain up-to-date, the expert panel will meet yearly to discuss new literature and comments from healthcare professionals and patients. If necessary, recommendations will be updated.
Analyses
We determined the total number of recommendations for the 209 drugs evaluated. We also determined the number of drugs per safety class and the number of drugs with dosing advice. It is outside the scope of this paper to show the complete evidence-base we gathered during evaluation of the 209 drugs. To give insight into the type and extent of evidence available, we selected two drugs from every safety class. For these drugs, we described the evidence supporting the classification. This consisted of the number of pharmacokinetic and safety studies and the number of included patients with liver cirrhosis. We also included information on whether the Summary of Product Characteristics (SmPC) contained information on use of the drug in patients with liver cirrhosis.
Results
The safety of 209 drugs in patients with liver cirrhosis was evaluated. A total of 218 recommendations were formulated as nine drugs had a different recommendation per route of administration or per indication. Figure 1 represents an overview of the recommendations. Twenty-nine drugs were classified as 'safe' (13.3%), 60 as 'no additional risks known' (27.5%), 3 as 'additional risks known' (1.4%), and 30 as 'unsafe' (13.8%). In 57 (26.1%) of the recommendations, safety depended on the severity of liver cirrhosis, and was 'unknown' in 39 (17.9%) recommendations. In Table 2 , all recommendations are presented. Table 3 shows examples of the evidence supporting the classification of two drugs per safety class. Besides evidence from literature, the last column displays information from the SmPC, which was often lacking or not specifically aimed at patients with liver cirrhosis. The recommendations were successfully implemented in the relevant CDSSs in The Netherlands and on a website. For 57 drugs, the recommendation depended on the severity of liver cirrhosis, and dosing advice was given for 67 drugs (Fig. 1) . The drug simvastatin illustrates the recommendations that were given in such cases. Simvastatin was classified as 'safe' for patients with liver cirrhosis Child-Pugh class A or B, under the condition that the patient is started on a low dose (20 mg) and the dose is slowly increased until in the therapeutic range or until ADRs develop. Because of a lack of studies in patients with Child-Pugh class C, the safety of simvastatin was classified as unknown for patients with Child-Pugh class C and no dosing advice was given. All recommendations that depended on the severity of liver cirrhosis, and those with dosing advice, can be found in electronic supplementary Tables 1 and 2, respectively.
We recommended avoiding the use of 30 drugs (classification 'unsafe') in all patients with liver cirrhosis. Another 38 drugs were considered unsafe as related to certain Child-Pugh classes (n = 9 Child-Pugh B ? C, and n = 29 Child-Pugh C) because of altered pharmacodynamics (n = 41), altered pharmacokinetics (n = 24), or a combination of both (n = 3). Examples of drugs contraindicated because of altered pharmacodynamics were all nonsteroidal anti-inflammatory drugs (NSAIDs). Literature showed that patients with cirrhosis have an increased risk of renal insufficiency with NSAID use compared with healthy controls with more severe consequences. Even so, cirrhotic patients are at risk for gastrointestinal bleeding. Examples of drugs contraindicated due to altered pharmacokinetics were several calcium antagonists (i.e. barnidipine, isradipine). Most calcium antagonists are highly cleared by the liver, resulting in largely increased exposure in patients with cirrhosis compared with healthy controls.
Discussion
In this study, we provide an overview of 218 evidencebased recommendations developed to improve safe drug use in patients with liver cirrhosis. Overall, 30% of drugs required dose adjustment and nearly 70 drugs were classified as unsafe in (a stage of) liver cirrhosis. The main reason for unsafe classification were pharmacodynamic changes. The recommendations were implemented in all relevant CDSSs in The Netherlands. In addition, all recommendations are available on a free website (http://www. geneesmiddelenbijlevercirrose.nl).
In this study, we tried to tackle the problem of insufficient information on safe prescribing in patients with liver cirrhosis. A number of comparable studies are available [5, [9] [10] [11] [12] . Most focus on altered pharmacokinetics, while we show that pharmacodynamic changes are also relevant in the decision process. This study is therefore unique in using both pharmacokinetic and pharmacodynamic (safety) literature to develop recommendations.
An important source of prescribing information is the product information (SmPC). We noted a lack of information on liver cirrhosis in the product information, which was also recognized in a study from 2001 that classified the SmPC information on liver disease as ''often inconsistent, unclear and unhelpful'' [17] . Since 2003 and 2005, the FDA and EMA, respectively, published guidelines for pharmacokinetic research in patients with hepatic impairment and how to present this data in the product information [18, 19] . For further research it would be interesting to study the quality of the information in these new SmPCs. In addition, many agents were licensed before 2003-2005 and these product labels require updating based on these new guidelines [18, 19] .
We developed and published the safety classification we used to support healthcare professionals to efficiently judge the safety of a drug in liver cirrhosis [14] . In our original safety classification, there was also an option for classifying drugs cleared for\20% by the liver as 'no additional risks known', although no data were available. Based on the important influence of pharmacodynamics, the expert panel specified this to locally-acting drugs with no systemic uptake (bioavailability [F]\1%, not based on an extensive first-pass effect). The classification of drugs was not always easy as the following two examples show. Codeine is a prodrug that requires liver metabolism for conversion to the active drug and it can be expected that efficacy will decrease with the increasing severity of liver cirrhosis. Azathioprine was associated with increased adverse events in patients with liver cirrhosis, but is also one of the only effective treatments for autoimmune hepatitis. Our recommendation therefore includes explanations in which we try to deal with such issues by comprehensively discussing the details of the classification of a drug.
The recommendations were implemented on a website and in all relevant CDSSs in The Netherlands. The implementation revealed issues that need attention. First, patients with liver cirrhosis need to be correctly marked in the CDSSs. In The Netherlands, the contraindication 'hepatic impairment' was always used for this purpose; however, we noted that most of the patients marked with this contraindication did not have liver cirrhosis, causing an incorrect signal in the CDSSs. Another difficulty is that in a substantial part of the recommendations, the severity of liver cirrhosis needs to be known (i.e. Child-Pugh class). Before these recommendations can be used, gastroenterologists need to determine the Child-Pugh class of their patients and communicate this to the general practitioner and pharmacist. These difficulties are also recognized in literature about implementing contraindications into a CDSS [20] and are important to consider when setting up medication monitoring via a CDSS for these patients.
This study has its limitations. Although we evaluated 209 drugs, this is only a proportion of all drugs available. The choice for these drugs was based on an estimation of the most frequently used drugs in patients with liver cirrhosis and is in good agreement with the literature [21, 22] . We aim to eventually evaluate all drugs. Another limitation is the amount of literature available. As stated in Table 3 , for some drugs there were several studies performed in patients with liver cirrhosis, while for others, there were only a few or no studies. Because of the limited literature, 39 drugs were classified as 'unknown', including frequently used drugs such as nitrofurantoin. As the recommendations are evidence-based, more research will improve the quality of the recommendations and can better support healthcare professionals. For now, the literature review per drug identifies knowledge gaps and is a good starting point for further research. A third limitation is that the complete recommendations with detailed explanations are currently only available in the Dutch language. Nevertheless, in this study, we provided an overview in English and plan to translate the recommendations in the future.
Conclusions
In this study, we provided evidence-based recommendations to aid in prescribing for patients with liver cirrhosis. This is the first study that applies a practical approach providing recommendations that have been implemented in all relevant CDSSs in The Netherlands and on a website. Our advice aids healthcare professionals in tailoring pharmacotherapy for the individual patient with liver cirrhosis, which can possibly prevent ADRs and subsequent morbidity and mortality in vulnerable cirrhotic patients.
